We extend the cascade-exciton model (CEM), and the Los Alamos version of the quark-gluon string model (LAQGSM), event generators of the Monte-Carlo N-particle transport code version 6 (MCNP6), to describe production of energetic light fragments (LF) heavier than 4 He from various nuclear reactions induced by particles and nuclei at energies up to about 1 TeV/nucleon. In these models, energetic LF can be produced via Fermi break-up, preequilibrium emission, and coalescence of cascade particles. Initially, we study several variations of the Fermi break-up model and choose the best option for these models. Then, we extend the modified exciton model (MEM) used by these codes to account for a possibility of multiple emission of up to 66 types of particles and LF (up to 28 Mg) at the preequilibrium stage of reactions. Then, we expand the coalescence model to allow coalescence of LF from nucleons emitted at the intranuclear cascade stage of reactions and from lighter clusters, up to fragments with mass numbers A ≤ 7, in the case of CEM, and A ≤ 12, in the case of LAQGSM. Next, we modify MCNP6 to allow calculating and outputting spectra of LF and heavier products with arbitrary mass and charge numbers. The improved version of CEM is implemented into MCNP6. Finally, we test the improved versions of CEM, LAQGSM, and MCNP6 on a variety of measured nuclear reactions. The modified codes give an improved description of energetic LF from particle-and nucleus-induced reactions; showing a good agreement with a variety of available experimental data. They have an improved predictive power compared to the previous versions and can be used as reliable tools in simulating applications involving such types of reactions.
I. INTRODUCTION
The Los Alamos National Laboratory (LANL) MonteCarlo N-particle transport code MCNP6 [1] uses by default the latest version of the cascade-exciton model (CEM), CEM03.03 [2] [3] [4] , as its event generator to simulate reactions induced by nucleons, pions, and photons of energies up to 4.5 GeV and the Los Alamos version of the quark-gluon string model (LAQGSM), LAQGSM03.03 [4] [5] [6] , to simulate such reactions at higher energies, as well as reactions induced by other elementary particles and by nuclei with energies up to ∼ 1 TeV/nucleon.
MCNP6 is used around the world by several thousands of users in applications ranging from radiation protection and dosimetry, nuclear-reactor design, nuclear criticality safety, detector design and analysis, de-contamination and de-commissioning, accelerator applications, medical physics, space research, and beyond. This is why it is important that MCNP6 predicts as well as possible arbitrary nuclear reactions, including production of energetic light fragments (LF).
At lower energies, MCNP6 uses tables of evaluated tions, as considered in these models. However, highenergy LF can be produced by other reaction mechanisms. For example, Cugnon et al. have extended their Liège intranuclear cascade (INCL) code to consider emission of LF heavier than 4 He during the cascade stage of reactions via coalescence of several nucleons at the nuclear periphery [10] . But INCL has not yet been generalized across all types of nuclear reactions; it does not work yet for heavy-ion induced reactions and is currently limited to incident energies only below several GeV/nucleon The most advanced versions of INCL so far published work only for projectiles with A ≤ 18 and at incident energies below 15-20 GeV/nucleon.
Emission of 7 Be at the preequilibrium stage (described by a hybrid exciton model and coalescence pickup model) was studied by A. Yu. Konobeyev and Yu. A. Korovin two decades ago [11] . Preequilibrium emission of helium and lithium ions was discussed in Ref. [12] . Preequilibrium emission of light fragments was also studied within the CEM in 2002 [13] , but that project was never completed.
Besides preequilibrium emission, energetic fragments can be produced also via Fermi break-up [14] and multifragmentation processes, as described, e.g., by the statistical multifragmentation model (SMM) [15] .
Finally, energetic LF can also be produced at the earliest stages of nuclear reactions as described by various versions of quantum molecular dynamics (QMD) (see, e.g., Ref. [16] and references therein). QMD is a very promising approach to describe nuclear reactions and may become in the future one of the most important "workhorses" in transport codes. However, as of today, it does not have as good a predictive power as do simpler and much faster INC-type models. We are not aware of any publication where LF spectra are predicted well by a version of QMD. In addition, as was determined by three international comparisons of models and codes for spallation reaction applications performed since 1992 under the auspices of the Nuclear Energy Agency of the Organization for Economic Co-operation and Development (NEA/OECD) and International Atomic Energy Agency (IAEA), generally, all tested versions of QMD showed a worse predictive power in comparison with INC-type models. In addition, current QMD codes are about 100-300 times slower than INC-type event generators, which makes them less practical for complex simulation applications, even those using the currently available supercomputers. Therefore, QMD is not yet so widely used in realistic nuclear simulation applications (see details and references, e.g., in [17, 18] ).
Lastly, the authors of most of the recent measurements of LF spectra analyze their experimental data using different simplified approaches assuming emission of LF from moving sources (see, e.g., Refs. [19] [20] [21] ). Such simplified moving-source prescriptions are fitted to describe as well as possible only their own measured LF spectra, and have not been developed further to become universal models with predictive power for spectra of LF from arbitrary reactions. Such approaches cannot describe at all many other characteristics of nuclear reactions, like the yields and energies of spallation products, fissionfragment production, etc., therefore can not be used as event generators in transport codes.
For detailed information on spallation reactions, models, and researches, see the book Handbook of Spallation Research, by Filges and Goldenbaum [17] . A useful recent summary paper by David, on spallation models, is available in Ref. [18] .
The CEM and LAQGSM event generators in MCNP6 describe quite well the spectra of emitted particles and of fragments with sizes up to 4 He across a broad range of target masses and incident energies (up to ∼ 5 GeV for CEM and up to ∼ 1 TeV/nucleon for LAQGSM), as well as the yields of most spallation and fission products (see, e.g., Refs. [4, 22, 23] and references therein). However, as shown by dashed histograms in Fig. 1 , these models do not predict well the high-energy tails of LF spectra heavier than 4 He. 6 Li spectra at 20, 45, 60, 90 , and 110 degrees by Machner et al. [19] (symbols) with calculations by the unmodified CEM03.03 (dashed histograms) and results by the newly revised CEM03.03.F (solid histograms), as discussed in the text. This is true for other projectiles, incident energies, and target mass numbers for all fragments heavier than 4 He. At lower energies of ejectiles ( 25 MeV) , CEM describes well the data, but for intermediate energies ( 25 MeV) the CEM predictions fall off sharply. This is because the only currently included mechanism for producing 6 Li fragments is evaporation, which considers emission of LF (up to 28 Mg). At higher energies ( 25 MeV) , the fragments should largely be produced by these models at the preequilibrium stage which would require an improved modified exciton model (MEM), as well as a contribution from the coalescence of nucleons produced in the INC with A > 4. Neither the MEM nor the coalescence model used by the 03.03 versions of CEM and LAQGSM considers these heavier fragments.
FIG. 1: (Color online) Comparison of experimental
The aim of this work is to extend the precompound model in these event generators to include such processes, leading to an increase of predictive power for LF production in MCNP6. This entails upgrading the MEM currently used at the preequilibrium stage in CEM and LAQGSM. It also includes verifying and extending the coalescence and the Fermi break-up models used in the precompound stages of spallation reactions within CEM and LAQGSM.
II. CEM AND LAQGSM OVERVIEW
Details, examples of results, and useful references to different versions of CEM and LAQGSM may be found in a recent lecture [4] .
The cascade-exciton model of nuclear reactions was proposed more than 30 years ago at the Laboratory of Theoretical Physics, JINR, Dubna, USSR by Gudima, Mashnik, and Toneev [3] . It is based on the standard (non time-dependent) Dubna intranuclear cascade model [24, 25] and the modified exciton model [26, 27] . The code LAQGSM03.03 is the latest modification [6] of LAQGSM [5] , which in its turn is an improvement of the quarkgluon string model (QGSM) [28] . It describes reactions induced by both particles and nuclei at incident energies up to about 1 TeV/nucleon.
The basic versions of both the CEM and LAQGSM event generators are the so-called "03.03" versions, namely CEM03.03 [2] [3] [4] and LAQGSM03.03 [4] [5] [6] . The CEM code calculates nuclear reactions induced only by nucleons, pions, and photons. It assumes that the reactions occur in three stages. The first stage is the INC, in which primary particles can be re-scattered and produce secondary particles several times prior to absorption by, or escape from, the nucleus. When the cascade stage of a reaction is completed, CEM uses the coalescence model to create high-energy d, t, 3 He, and 4 He by final-state interactions among emitted cascade nucleons outside the target. The emission of the cascade particles determines the particle-hole configuration, Z, A, and the excitation energy that comprise the starting conditions for the second, preequilibrium stage of the reaction. The subsequent relaxation of the nuclear excitation is treated in terms of an improved version of the MEM of preequilibrium decay, followed by the equilibrium evaporation/fission stage described using a modification of the generalized evaporation model (GEM) code GEM2 by Furihata [29] .
Generally, all three components may contribute to experimentally measured particle spectra and other distributions. But if the residual nuclei after the INC have atomic numbers with A ≤ A F ermi = 12, CEM uses the Fermi break-up model to calculate their further disintegration instead of using the preequilibrium and evaporation models. Fermi break-up, which estimates the probabilities of various final states by calculating the approximate phase space available for each configuration, is much faster to calculate and gives results very similar to those from using the continuation of the more detailed models for lighter nuclei. LAQGSM also describes nuclear reactions, as a three-stage process: an INC, followed by preequilibrium emission of particles during the equilibration of the excited residual nuclei formed after the INC, followed by evaporation of particles from and/or fission of the compound nuclei. LAQGSM was developed with a primary focus on describing reactions induced by nuclei, as well as induced by most elementary particles, at high energies, up to about 1 TeV/nucleon. The INC of LAQGSM is completely different from that in CEM. LAQGSM also considers Fermi break-up of nuclei with A ≤ 12 produced after the cascade, and the coalescence model to create high-energy d, t, 3 He, and 4 He from nucleons emitted during the INC.
From this brief overview of these models, it is clear that energetic LF can only be produced in this approach through one of the following three processes: Fermi break-up, preequilibrium emission, and coalescence. Below, we explore each of these mechanisms.
Many people participated in the development of CEM and LAQGSM over their more than 40-year history. Contributors to the "03.03" versions are S. G. Mashnik, K. K. Gudima, A. J. Sierk, R. E. Prael, M. I. Baznat, and N. V. Mokhov. L. M. Kerby joined these efforts recently, primarily to extend the precompound models of CEM and LAQGSM by accounting for possible emission of LF heavier than 4 He, specifically up to 28 Mg. For more details on the physics of CEM and LAQGSM, see Ref. [4] and references therein.
III. FERMI BREAK-UP
Generally, after the fast INC stage of a nuclear reaction, a much slower evaporation/fission stage follows, with or without taking into account an intermediate preequilibrium stage between the INC and the equilibrated evaporation/fission. Such a picture is well grounded in cases of heavy nuclei, as both evaporation and fission models are based on statistical assumptions, requiring a large number of nucleons. Naturally, in the case of light nuclei with only a few nucleons, statistical models are less well justified. In addition, such light nuclei like carbon and oxygen exhibit considerable alpha-particle clustering, not accounted for in evaporation/fission models. This is why in the case of light excited nuclei, their deexcitation is often calculated using the so called "Fermi break-up" model, suggested initially by Fermi [14] .
It is impossible to measure all nuclear data needed for applications involving light target nuclei; therefore, Monte-Carlo transport codes are usually used to simulate fragmentation reactions. It is important that available transport codes predict such reactions as well as possible. For this reason, efforts have been made recently to investigate the validity and performance of, and to improve where possible, nuclear reaction models used by such transport codes as GEANT4 (e.g., [30] ), SHIELD-HIT (e.g., [31] ), PHITS (e.g., [32] ), as well as MCNP6 (e.g., [33, 34] ).
Deexcitation of light nuclei with A ≤ A Fermi remaining after the INC is described in CEM and LAQGSM only with the Fermi break-up model, where A Fermi is a "cut-off value" fixed in the models. The value of A Fermi is a model parameter, not a physical characteristic of nuclear reactions. Actually, the initial version of the Fermi break-up model incorporated into CEM and LAQGSM (see details in Ref. [4] ) used A ≤ A Fermi = 16, just as A Fermi = 16 is used currently in GEANT4 (see [30] ) and in SHIELD-HIT (see [31] ). But that initial version of the Fermi break-up model had some problems and caused code crashes in some cases (see details in Ref. [4] ). To avoid unphysical results and code crashes, we chose the expedient of using A Fermi = 12 in both CEM and LAQGSM. Later, the problems in the Fermi breakup model were fixed in the codes, but the value of A Fermi was not changed at that time, nor was how its value affects the final results of these codes studied. We address this in our current work, calculating spectra of emitted particles and LF, and yields of all possible products from various reactions using different values for A Fermi .
One of the most difficult tasks for any theoretical model is to predict cross sections of arbitrary products as functions of the incident energy of the projectile initiating the reaction, i.e., "excitation functions." Therefore, we start the study by comparing the available experimental data on excitation functions of products from several proton-induced reactions on light nuclei at intermediate energies with predictions by MCNP6 using its default event generator for such reactions, CEM03.03, as well as with results calculated by CEM03.03 used as a standalone code.
We show as examples two excitation functions, for proton-induced reactions on 16 O. Many more results can be found in Ref. [33] . Fig. 2 The observed discrepancies between some calculated excitation functions and measured data at energies below 20 MeV are not of concern for our current emphasis:. As a default, MCNP6 uses data libraries at such low ener- gies and never uses CEM03.03 or other event generators, when data libraries are available, as is the case for the reactions studied here. By contrast, CEM uses its INC to simulate the first stage of nuclear reactions, and the INC is not expected to work properly at such low energies (see details in [2, 4] ).
Results calculated with the values of A Fermi = 12, 14, and 16 all agree reasonably well with available data, taking into account that all calculations, at all energies and for all reactions are done with the default versions of these codes, without varying any parameters. However, in some cases, there are significant differences between excitation functions calculated with A Fermi = 12 and 16.
For many cases, a better description of the heavier fragments occurs for A Fermi = 16 or 14, and usually the LF are better described using A F ermi = 12. However, the model with any of these values agrees reasonably well with the measured data, especially for LF with Z ≤ 4 (e. g., [33] ). For LF with Z > 4, it is difficult to determine which value agrees better with the data: A Fermi = 12 or A Fermi = 16. Light fragments with Z = 3 and 4 are described a little better with A Fermi = 12. As discussed below, preequilibrium emission described with an extended version of the MEM (not accounted for in the calculations shown in Fig. 2) , can be important and may change the final CEM results for such reactions; therefore, we do not make yet a final decision about which value of the Fermi break-up cut-off works better; keeping the previous value of 12.
After analyzing all excitation functions for the light targets where Fermi break-up dominates, for which we found reliable experimental data, we then study spectra of particles and LF from proton-induced reactions on light nuclei, where the Fermi break-up mechanism should manifest itself most clearly. We show only two examples of double differential spectra. Many more examples are presented in Ref. [33] , some of which address different reaction mechanisms for fragment production, with some involving more than one mechanism in the production of the same LF in a given reaction. Fig. 3 shows examples of measured 6 Li and 7 Be spectra from p + 9 Be at 190 MeV [36] , compared to CEM results. Because 9 Be has a mass number A < A Fermi = 12, all the LF from these reactions are calculated either as fragments from the Fermi break-up of the excited nuclei remaining after the initial INC stage, or as residual nuclei after emission of several particles from the 9 Be target nucleus during the INC. No preequilibrium or evaporation mechanisms are considered. There is a reasonably good agreement of the CEM predictions with the measured spectra from all reactions we tested, at different incident energies, from different light target nuclei, and for all products where we found experimental data: protons, complex particles, and LF heavier than 4 He (see examples of more results and details in Ref. [33] ).
As a particular case, we test how well the Fermi breakup model used in these codes describes so-called "limiting fragmentation" reactions. The limiting fragmentation hypothesis, first proposed by Benecke et al. [37] , suggests that fragmentation cross sections reach asymptotic values at sufficiently high incident-projectile energies. In other words, above a given bombarding energy, both the differential and total production cross sections remain constant. Fig. 4 illustrates the validity of the limiting fragmentation hypothesis for the 4 He spectra at 35 degrees from 1.2/1.9/2.5 GeV p + 12 C reactions measured by M. Fidelus of the PISA collaboration [38] .
In Refs. [39, 40] , we show similar results calculated by MCNP6 using CEM03.03, as well as a comparison of MCNP6 results with the yields (total production cross sections) of all measured fragments, from protons to 12 N, from the same reactions.
We conclude that the limiting fragmentation hypothesis is supported by measurements for p + 12 C interactions, and predicted by these models, in which the Fermi break-up mechanism plays a major role.
An independent test of the Fermi break-up model used in CEM03.03 and LAQGSM03.03 was performed recently by Konobeyev and Fischer [41] for the Fall 2014 Nuclear Data Week. These authors calculated with MCNP6 using its Bertini [7] , ISABEL [8] , INCL4.2+ABLA [9, 42] , and CEM03.03 event generators [2] , as well as with the TALYS code [43] , all the experimental spectra of 3 He and 4 He measured in Ref. [36] from the reaction 190 MeV p + 9 Be; all spectra of p, d, t, 3 He, and 4 He from the reaction of 300 MeV p + 9 Be [36] , as well as all neutron spectra from interactions of 113 MeV protons with 9 Be [44] and from 256 MeV p + 9 Be [45] . As is often done in the literature, to get quantitative estimates of the degree of fidelity to data of the spectra calculated by different models, the authors performed a detailed statistical analysis using nine different "deviation factors," namely, H, R CE , R EC , < F >, S, L, P 2.0 , P 10.0 , and N x . The definition of each can be found in Ref. [41] . The authors found that results by CEM03.03 for these particular reactions agree better with the experimental data than all the other models tested. As 9 Be has a mass number of 9, all these reactions are calculated using the INC followed by the Fermi break-up model. The better results from CEM03.03 in comparison to the other models prove that the Fermi break-up model used by CEM03.03 and LAQGSM03.03 in MCNP6 is reliable and can be used with confidence as a good predictive tool for various nuclear applications and academic studies.
IV. EXTENDING THE PREEQUILIBRIUM MODEL
The preequilibrium interaction stage of nuclear reactions is considered by the current CEM and LAQGSM in the framework of the latest version of the MEM [26, 27] , as described in Refs. [2, 4] . At the preequilibrium stage of a reaction, CEM03.03 and LAQGSM03.03 take into account all possible nuclear transitions changing the number of excitons n with ∆n = +2, -2, and 0, as well as all possible multiple subsequent emissions of n, p, d, t, 3 He, and 4 He. The corresponding system of master equations describing the behavior of a nucleus at the preequilibrium stage is solved by the Monte-Carlo technique [3] . In this section, we extend the MEM to include the possibility of emitting heavy clusters, with A > 4, up to 28 Mg. The probability of finding the nuclear system at time t in the Eα state, P (E, α, t), is describe in MEM by the differential equation:
Here λ(Eα, Eα ′ ) is the energy-conserving probability rate, defined in the first-order of the time-dependent perturbation theory as
where is Planck's constant divided by 2π. The matrix element < Eα|V |Eα ′ > is believed to be a smooth function of energy, and ω α (E) is the density of the final states of the system. We note that Eq. (1) is derived assuming that the memory time τ mem of the system is small compared to the characteristic time for intranuclear transitions /λ(Eα, Eα ′ ) but, on the other hand, Eq. (1) itself is applicable for times t ≫ /λ(Eα, Eα ′ ). Due to the condition τ mem ≫ /λ(Eα, Eα ′ ), being described by Eq. (1), the random process is a Markovian one.
The MEM [26, 27] utilized by CEM and LAQGSM uses effectively the relationship of the master equation (1) with Markovian random processes. Indeed, an attainment of the statistical equilibration described by Eq. (1) is an example of a discontinuous Markovian process: the temporal variable changes continuously and at a random moment the state of the system changes by a discontinuous jump; the behavior of the system at the next moment being completely defined by its present state. As long as the transition probabilities λ(Eα, Eα ′ ) are timeindependent, the waiting time for the system in the Eα state has an exponential distribution (Poisson flow) with the average lifetime /Λ(α, E) = / α ′ λ(Eα, Eα ′ ). This prompts a simple method of solving the related system of Eq. (1): simulation of the random process by the Monte-Carlo technique. In this treatment, it is possible to generalize the exciton model to all nuclear transitions with ∆n = 0, ±2, and the multiple emission of particles and to depletion of nuclear states due to particle emission. In this case the system (1) becomes [3] :
With the master equation (3), we can find the particle emission rates λ j and the exciton transition rates λ + , λ 0 , and λ − . According to the detailed balance principle, the emission width Γ j , can be estimated as [3] :
where the partial transmission probabilities, λ j , are equal to
where p, h, E, and ω are the number of particle excitons, the number of hole excitons, the excitation energy of the excited nucleus, and the level density of its n-exciton state, while s j , B j , V c j , µ j , T , and σ inv j are the spin, the binding energy, the Coulomb barrier, the reduced mass, the kinetic energy, and the inverse cross section of the emitted particle j, respectively. The factor ℜ j (p, h) ensures the condition for the exciton chosen to be the particle of type j and can easily be calculated by the Monte-Carlo technique.
Eq. (5) describes the emission of neutrons and protons only (an extension of Eq. (5) for the case of complex particles can be found in Ref. [3] ). For complex particles, the level density formula ω becomes more complicated and an extra factor γ j must be introduced (e. g., [3] ):
Eq. (6) for γ j is actually only a rough estimation that is refined in CEM03.03 by parameterizing it over a mesh of residual nuclear energy and mass number (e.g., [2] ).
Assuming an equidistant level scheme with the singleparticle density g, the level density of the n-exciton state is [46] 
This expression should be substituted into Eq. (5) to obtain the transmission rates λ j . According to Eq. (2), for a preequilibrium nucleus with excitation energy E and number of excitons n = p + h, the partial transition probabilities changing the exciton number by ∆n are
For these transition rates, one needs the number of states, ω, taking into account the selection rules for intranuclear exciton-exciton scattering. The appropriate formulae have been derived by Williams [47] and later corrected for the exclusion principle and indistinguishability of identical excitons in Refs. [48, 49] :
where
By neglecting the difference of matrix elements with different ∆n, M + = M − = M 0 = M , we estimate the value of M for a given nuclear state by associating the λ + (p, h, E) transitions with the probability for quasi-free scattering of a nucleon above the Fermi level on a nucleon of the target nucleus. Therefore, we have
where V int is the interaction volume estimated as V int = 4 3 π(2r c + λ/2π) 3 , with the de Broglie wave length λ/2π corresponding to the relative velocity v rel = 2T rel /m N . m N is the mass of interacting excitons (nucleons) and T rel is their relative kinetic energy. A value of the order of the nucleon radius is used for r c in the CEM: r c = 0.6 fm.
The averaging on the left-hand side of Eq. (10) is carried out over all excited states, taking into account the exclusion principle. Combining (8), (9), and (10) we finally get for the transition rates:
The CEM predicts angular distributions for preequilibrium particles that are forward-peaked in the laboratory system. For instance, CEM03.03 assumes that a nuclear state with a given excitation energy E should be specified not only by the exciton number n but also by the momentum direction Ω. Following Ref. [50] , the master equation (Eq. (3)) can be generalized for this case provided that the angular dependence for the transition rates λ + , λ 0 , and λ − (Eq. (11)) may be factorized. In accordance with Eq. (10), in the CEM it is assumed that
The scattering cross section dσ f ree /dΩ is assumed to be isotropic in the reference frame of the interacting excitons, thus resulting in an asymmetry in both the nucleus center-of-mass and laboratory frames. The angular distributions of preequilibrium complex particles are assumed to be similar to those for the nucleons in each nuclear state [3] .
This calculational scheme is easily realized by the Monte-Carlo technique. It provides a good description of double-differential spectra of preequilibrium nucleons and a not-so-good but still reasonable description of complex-particle spectra from different types of nuclear reactions at incident energies from tens of MeV to several GeV.
For incident energies below about 200 MeV, Kalbach has developed a phenomenological systematics for preequilibrium-particle angular distributions by fitting available measured spectra of nucleons and complex particles [51] . As the Kalbach systematics are based on measured spectra, they describe very well the doubledifferential spectra of preequilibrium particles and generally provide a better agreement of calculated preequilibrium complex-particle spectra with data than does the CEM approach based on Eqs. (12, 13) . Therefore, CEM03.03 incorporates the Kalbach systematics [51] to describe angular distributions of both preequilibrium nucleons and complex particles at incident energies up to 210 MeV. At higher energies, CEM03.03 uses the CEM approach based on Eqs. (12, 13) .
As the MEM uses a Monte-Carlo technique to solve the master equations describing the behavior of the nucleus at the preequilibrium stage (see details in [3] ), it is relatively easy to extend the number of types of possible LF that can be emitted during this stage. For this, we have only to extend the loop in the CEM03.03 code calculating Γ j for j from 1 to 6 (i.e., for the emission of n, p, d, t, 3 He, and 4 He) to a larger value, in this case, up to j = 66, to account for the possibility of preequilibrium emission of up to 66 types of particles and LF. Of course, in this extended loop, we have to calculate the emission width Γ j for all j values. This entails calculating Coulomb barriers, binding energies, reduced masses, inverse cross sections, and condensation probabilities for all 66 types of particles and LF. As this extended CEM03.03 is intended to allow production of energetic light fragments, we subsequently refer to it as CEM03.03F, where "F" stands for energetic fragments. We also refer later to a similarly extended version of LAQGSM03.03 as LAQGSM03.03F. The list of all particles and LF that can be emitted during the preequilibrium stage of a nuclear reaction calculated with CEM03.03F is provided below in Tab. I.
As can be seen from Eq. 5, the inverse cross sections used by these models at the preequilibrium stage (and at the evaporation/fission stage) have a significant impact on the calculated particle width, and affect greatly the final results and the accuracy of the MCNP6, MCNPX [52] and MARS15 [53] transport codes, which use these models as their event generators. This is why it is necessary to use as good as possible approximations for the inverse cross sections in the extended models.
The unmodified codes use the inverse cross sections σ inv , from Dostrovsky's formulas [54] for all emitted nu- 
which is often written as
] is the geometrical cross section. "d" denotes the "daughter" nucleus with mass and charge numbers A d and Z d produced from the "parent" nucleus "i" with mass and charge numbers A i and Z i after the emission of the particle "j" with mass and charge numbers A j and Z j and kinetic energy ǫ; R d = r 0 A 1/3 d , and r 0 = 1.5 fm. α and β are defined as:
and c j is estimated by interpolation of the tabulated values published in Ref. [54] . The Coulomb barrier (in MeV) is estimated as:
where R c = r 0 (A
j ), r 0 = 1.5 fm, and the penetrability coefficients k j are calculated via interpolation of the tabulated values published in Ref. [54] .
At the evaporation/fission stage of reactions described by CEM0.03 and LAQGSM0.03, which use an extension of the generalized evaporation model code GEM2 by Furihata [29] , the inverse cross sections are calculated with the same functional form, but using different constants from those in the original approximations [54] . We label those different inverse cross sections as "GEM2".
The
4 He. Better total-reaction-cross-section models that can be used as an estimate for inverse cross sections are available today, most notably the NASA model [55] , the approximations by Barashenkov and Polanski [56] , and those by Kalbach [57] . A quite complete list of references on modern total-reaction-cross-section models, as well as on recent publications where these models are compared with each other and with available experimental data can be found in Ref. [34] .
We have performed recently an extensive comparison of of the NASA [55] , Tsang et al. [58] , Dostrovsky et al. [54] , Barashenkov and Polanski [56] , GEM2 [29] , and Kalbach [57] systematics for total reaction (inverse) cross sections (see also the older works [13, 59, 60] with similar comparisons). We conclude that the NASA approach is superior, in general, to the other available models (see Ref. [13, 34, 59, 60] for the details of these findings). This is why we implement the NASA inverse cross sections into the MEM to be used at the preequilibrium stage of reactions.
The NASA approximation as described by Eq. (16) attempts to simulate several quantum-mechanical effects, such as the optical potential for neutrons (with the parameter X m ) and collective effects like Pauli blocking (through the quantity δ T ). (For more details, see Ref. [55] .)
where r 0 , A P , A T , δ T , R c , B T , T cm , and X m are a constant used to calculate the radii of nuclei, the mass number of the projectile nucleus, the mass number of the target nucleus, an energy-dependent parameter, a system-dependent Coulomb multiplier, the energydependent Coulomb barrier, the colliding system centerof-momentum energy, and an optical model multiplier used for neutron-induced reactions, respectively. In the case of neutron-induced reactions, we can not use the unmodified NASA systematics to approximate the inverse cross sections for neutrons, as that model, while being much better at predicting the total reaction cross section throughout most of the energy region of the data, falls to zero at low energies. Since neutrons have no Coulomb barrier and are emitted at even very low energies, a finite neutron cross section at very low energies is needed. For these low-energy neutrons, we use the Kalbach systematics [57] , which prove to be a very good approximation for the inverse cross sections of lowenergy neutrons, as discussed in Refs. [13, 34, 61] . In CEM03.03F, we use the Kalbach systematics [57] to replace the NASA inverse cross sections [55] for low-energy neutrons, similar to what was suggested and done in Ref. [13] for the code CEM2k. In other words, at neutron energies around the maximum cross section and below, the calculation uses Kalbach systematics, and switches to the NASA model for the higher neutron-energy range. The Kalbach systematics are scaled in CEM03.03F to match the NASA model results at the transition point (depending on the nucleus) so as not to have a discontinuity. Transition points and scaling factors are obtained for all possible residual nuclei, by mass number; they are fixed in the code and are used in all subsequent calculations. (Ref. [61] provides tables of these.) Examples of inverse cross sections for the emission of neutrons together with discussions and relevant references can be found in Refs. [13, 34, 61] . We limit ourselves to one example with inverse cross sections for the emission of protons, and one example of inverse cross section for 12 C. Fig. 5 illustrates calculated total reaction cross sections for p + 12 C using the NASA, Dostrovsky, GEM2, and Barashenkov and Polanski (BP) models, compared to calculations by MCNP6 and experimental data. The NASA model appears to be superior to the Dostrovskylike models. 12 C + 12 C, as calculated by the NASA, Dostrovsky, GEM2, and BP model, compared to experimental data and to measured total charge-changing (TCC) cross sections. TCC cross sections should be 5-10% less than total reaction cross sections, as TCC cross sections do not include neutron removal. The NASA cross-section model fits the experimentally measured data, in general, better than the other models tested. See Ref. [61] for results of other heavy-ion-induced reactions. Many similar results for the emission of nucleons, complex particles, and LF heavier than 4 He can be found in Refs. [13, 34, 59, 61] .
The partial transmission probability λ j , the probability that an ejectile of the type j will be emitted with kinetic energy T , is given in Eq. (5). This form is valid only for neutrons and protons. An extended form appropriate for the case of complex particles and LF is (see Ref. [3] ):
Details on Eq. (18) can be found in Ref. [65] . γ j is the probability that the proper number of particle excitons will coalesce to form a type j fragment (also called γ β in a number of earlier publications; see, e.g., Refs. [65] [66] [67] ).
In the standard CEM03.03, the Dostrovsky form of the inverse cross section is simple enough so that for neutrons and protons the integral from Eq. (4) can be done analytically. However, for complex particles, the level density ω becomes too complicated (see details in Refs. [2] [3] [4] ); therefore, the integral is evaluated numerically. In this case, a 6-point Gauss-Legendre quadrature is used when the exciton number is 15 or less, and a 6-point GaussLaguerre quadrature is used when the number of excitons is greater than 15.
We adopt for CEM03.03F the NASA form of the cross sections, which removes the possibility of analytic integration, so the integral is always calculated numerically. We use an 8-point Gauss-Legendre quadrature when the number of excitons is 15 or less, and an 8-point Gauss-Laguerre quadrature when the number of excitons is greater than 15. (See Ref. [34] for details.)
These integration methods are sufficient for these models because individual Γ j precision is not extremely important for choosing what type of particle/LF j will be emitted. In contrast to analytical preequilibrium models, the Monte-Carlo method employed by CEM uses the ratios of Γ j to the sum of Γ j over all j. That is, if we estimate all Γ j with the same percentage error, the final choice of the type j of particle/LF to be emitted as simulated by CEM would be the same as if we would calculate all Γ j exactly. We think that this is the main reason why CEM provides quite reasonable results using the old Dostrovsky approximation for inverse cross sections, in spite of the significant difference of the Dostrovsky inverse cross sections from those now used. The ratios of the individual widths to the total width were approximated better than each individual width, because the errors in each channel have the same sign. This is illustrated in Fig. 5 . (See more examples and discussion in Ref. [34] . ) We observe that the condensation probability γ j could be calculated more physically from first principles, if one were studying only this problem. But such a calculation is not feasible in these event generators given practical Monte-Carlo computational time limitations. γ j is, therefore, estimated as the overlap integral of the wave function of independent nucleons with that of the complex particle (see details in [3] ), as shown in Eq. 6.
As noted above, Eq. 6 is a rather crude estimate. As is frequently done (see e.g., Refs. [65, 67] ), the values of γ j are taken from fitting the theoretical preequilibrium spectra to the experimental ones. In CEM03.03F, to improve the description of preequilibrium complex-particle emission, we estimate γ j by multiplying the estimate provided by Eq. (6) by empirical coefficients F j (A, Z, T 0 ), whose values are fitted to available nucleon-induced experimental complex-particle spectra. Therefore, the new equation for γ j using this empirical coefficient is
The values of F j for d, t, 3 He, and 4 He used by the original CEM03.03 need to be re-fitted after the current upgrades to the inverse-cross-sections and the coalescence model (discussed below). Then, values of F j need to be obtained for heavy clusters up to 28 Mg, once the model is extended to emit these heavy clusters. This was done for all possible target nuclei. We have developed a universal approximation, or a "numerical model," for F j (A, Z, T 0 ) to be used in CEM03.03F. All details of this part of our work can be found in Refs. [39, 40, 61] . Once a fragment of type j has been randomly chosen for emission, the kinetic energy of this fragment needs to be determined. This is done by sampling the kinetic energy from the λ j distribution, Eq. (17), using the NASA cross section as the σ inv j (T ). The energy-dependence of λ j for the new inverse cross sections is more complicated than that that arising from the simple Dostrovsky form used in the original CEM03.03. This affects the method we choose to randomly sample T j (≡ T ) from the correct spectrum.
To sample T j uniformly from the λ j distribution using the Monte-Carlo method, we must first find the maximum of λ j . In CEM03.03, this is done analytically using the derivative of λ j with respect to T j , due to the simple nature of the energy-dependence in the Dostrovsky systematics. The NASA cross section energy dependence is much more complicated; therefore, we find the maximum of λ j numerically using the Golden-Section method. This also provides us the flexibility to modify the cross-section model in the future without needing to modify the kinetic energy algorithm.
After finding the maximum value of λ j , the kinetic energy of the emitted fragment j is uniformly sampled from the λ j distribution using the rejection technique from a Gamma distribution (shape parameter α = 2) as the comparison function. (See Ref. [68] for a description of the Gamma distribution.) Fig. 57 of Ref. [61] illustrates results for the probability of emitting 6 Li with a given kinetic energy T Li simulated by CEM03.03F and the original CEM03.03. Probabilities from the λ j distributions with the NASA inverse cross sections differ slightly from those with the Dostrovsky inverse cross sections, just as expected. Technical details with many illustrative figures on this part of our work can by found in Refs. [39, 61] .
V. COALESCENCE MODEL
As previously described, one of the three possible mechanisms CEM and LAQGSM use to produce energetic LF is the coalescence of nucleons emitted during the INC as well as of the already coalesced lighter fragments into heavier clusters.
When the cascade stage of a reaction is completed, CEM03.03 and LAQGSM03.03 use the coalescence model described in Refs. [69, 70] to "create" high-energy d, t, 3 He, and 4 He by final-state interactions among emitted cascade nucleons, already outside of the target nucleus. In contrast to most other coalescence models for heavyion-induced reactions, where complex-particle spectra are estimated simply by convolving the measured or calculated inclusive spectra of nucleons with corresponding fitted coefficients, CEM03.03 and LAQGSM03.03 use in their simulations of particle coalescence real information about all emitted cascade nucleons and do not use integrated spectra. These models assume that all the cascade nucleons having differences in their momenta smaller than p c and the correct isotopic content form an appropriate composite particle. This means that the formation probability for, e.g. a deuteron is
where the particle density in momentum space is related to the one-particle distribution function f by
Here, b is the impact parameter for the projectile interacting with the target nucleus and the superscript index C shows that only cascade nucleons are taken into account for the coalescence process. The coalescence radii p c were fitted for each composite particle in Ref. [69] to describe available data for the reaction Ne+U at 1.04 GeV/nucleon, but the fitted values turned out to be quite universal and were subsequently found to satisfactorily describe high-energy complex-particle production for a variety of reactions induced both by particles and nuclei at incident energies up to about 400 GeV/nucleon, when describing nuclear reactions with different versions of LAQGSM [5, 6, 59] or with its predecessor, the quarkgluon string model (QGSM) [28] . As the INC of CEM is different from those of LAQGSM or QGSM, it is natural to expect different best values for p c as well. Recent studies have shown (see e.g., Refs. [2, 4] and references therein) that the values of parameters p c defined by Eq. (22) are also good for CEM03.03 for projectile particles with kinetic energies T 0 lower than 300 MeV and equal to or above 1 GeV. For incident energies in the interval 300 MeV < T 0 ≤ 1 GeV, a better overall agreement with the available experimental data is obtained by using values of p c equal to 150, 175, and 175 MeV/c for d, t( 3 He), and 4 He, respectively. These values of p c are fixed as defaults in CEM03.03. If several cascade nucleons are chosen to coalesce into composite particles, they are removed from the distributions of nucleons and do not contribute further to such nucleon characteristics as spectra, multiplicities, etc.
In comparison with the initial version [69, 70] , in CEM03.03 and LAQGSM03.03, several coalescence routines have been changed and have been tested against a large variety of measured data on nucleon-and nucleusinduced reactions at different incident energies. Many examples with results by CEM03.03 and LAQGSM03.03 for reactions where the contribution from the coalescence mechanism is important and can be easily seen may be found in e.g., Refs. [4, 22] .
Note that following the coalescence idea used by these models, the latest versions of the INCL code (e.g., [10] ) also consider (by different means) the coalescence of nucleons in the very outskirts of the nuclear surface into light fragments during the INC stages of reactions. In a way, the coalescence of INCL is similar to the one considered by CEM and LAQGSM as proposed in Ref. [69, 70] , with the main difference being that INCL considers coalescence of INC nucleons on the border of a nucleus, just barely inside the target nucleus, while CEM and LAQGSM coalesce INC nucleons and lighter clusters already outside the nucleus.
The standard "03.03" versions of both CEM and LAQGSM consider coalescence of only d, t, 3 He, and 4 He. Here we extend the coalescence model in CEM to account for the coalescence of heavier clusters, with mass numbers up to A = 7, and up to A = 12 in LAQGSM. The extended coalescence model of CEM is described below, while the one of LAQGSM, in the next section.
The coalescence model of CEM first checks all nucleons to form 2-nucleon pairs, as their momenta permit. It then checks if an alpha particle can be formed from two 2-nucleon pairs (either from two n-p pairs or from an n-n and a p-p pair). After this it checks to see if any of the two-nucleon pairs left can combine with another nucleon to form either tritium or 3 He. And lastly, it checks to see if any of these three-nucleon groups (tritium or 3 He) can coalesce with another nucleon to form 4 He.
The extended coalescence model takes these twonucleon pairs, three-nucleon (tritium or 3 He only) groups, and 4 He to see if they can coalesce to form heavier clusters. 4 He can coalesce with a 3-nucleon group to form either 7 Be or 7 Li. Two 3-nucleon groups can coalesce to form either 6 Li or 6 He. And 4 He can coalesce with a 2-nucleon pair to form either 6 Li or 6 He. All coalesced nucleons are removed from the distributions of nucleons and lighter fragments so that the coalescence model conserves both atomic and mass numbers. For additional details of the extended coalescence model in CEM, see Ref. [71] . p c determines how dissimilar the momenta of nucleons can be and still coalesce. Naturally, after the extension of the coalescence model in CEM to account LF heavier than 4 He, we had to redefine p c , to include a value for heavy clusters, or LF: p c (LF ). In CEM03.03F, the new p c 's for incident energies, T , less than 300 MeV or greater than 1000 MeV are: (22) because too many alpha particles were lost (coalesced into heavy clusters); therefore, this was compensated for by coalescing more 4 He. As an example, Fig. 7 displays experimental measurements of the reaction 480 MeV p + nat Ag → 6 Li by Green et al. [72] , compared with simulations from CEM03.03F without the coalescence extension (i.e., with the extended preequilibrium model and improved inverse cross sections but using the old coalescence model), CEM03.03F with the coalescence extension, and the original CEM03.03. Even without the coalescence extension, CEM03.03F (which contains the extended preequilibrium model and improved inverse cross sections) yields much better results than the original CEM03.03 without these improvements. Adding the coalescence extension produces even better results. This example also highlights how coalescence can produce heavy clusters not only at high energies, but also at low and moderate energies, thus improving agreement with experimental data in all these energy regions.
Similar results for many other reactions where the coalescence mechanism is important and easily seen can be found in Refs. [39, 40, 71] .
VI. LAQGSM EXTENSION
LAQGSM [4] [5] [6] is a very powerful predictive tool for heavy-ion-induced reactions and/or nuclear reactions induced by particles at high energies (> several GeV/nucleon). MCNP6 uses it as its default event generator to simulate all heavy-ion induced reactions as well as reactions induced by particles at energies above 4.5 GeV (above 1.2 GeV, in the case of photonuclear reactions).
The INC of LAQGSM03.03 is described with a recently improved version [6, 73] of the time-dependent intranuclear cascade model developed initially at JINR in Dubna, often referred to in the literature as the Dubna intranuclear cascade model, DCM (see [69] and references therein). The DCM models interactions of fast cascade particles ("participants") with nucleon spectators of both the target and projectile nuclei and includes as well interactions of two participants (cascade particles). It uses experimental particle+particle cross sections at energies below 4.5 GeV/nucleon, or those calculated by the quarkgluon string model (QGSM) at higher energies (see, e.g., Ref. [74] and references therein) to simulate angular and energy distributions of cascade particles, and also considers the Pauli exclusion principle.
After the INC, LAQGSM03.03 uses the same preequilibrium, coalescence, Fermi break-up, and evaporation/fission models as described above for CEM (with some parameters different from the ones used by CEM, because the INC of LAQGSM is completely different from the INC of CEM; see more details in [4] ).
As examples, Figs. 8, 9, and 10 show results for three reactions simulated by LAQGSM compared with available experimental data, to illustrate the predictive power of LAQGSM03.03 used as the default event generator in MCNP6 for these types of reactions. Fig. 8 shows an example of elemental product yields measured by Mocko et al. [75] from the fragmentation of 48 Ca on 9 Be at 140 MeV/nucleon. Many similar results for other reactions can be found in Ref. [6] . Fig. 9 displays experimental neutron spectra from 400 MeV/nucleon 14 N + 12 C [76], compared with calculations by MCNP6 and the LAQGSM03.03 event generator used as a stand-alone code. Such data are of significant interest for applications related to cancer treatment with carbon beams, and most of the neutron spectra from such reactions were measured at the Heavy-Ion Medical Accelerator in the Chiba facility (HIMAC) of the Japanese National Institute of Radiological Science (NIRS). We obtained similar agreement by LAQGSM and by MCNP6 using LAQGSM for many similar reactions, at different incident energies and for different projectile-target nuclear combinations (see Ref. [23] ). Fig. 10 shows that LAQGSM predicts well light cluster spectra even at the ultrarelativistic energies of 400 GeV. Similar results for other ejectiles from such reactions can be found in Ref. [22] .
In CEM03.03F, we extend the coalescence model to account for heavier fragments up to 7 Be. As CEM is re-
FIG. 8: Measured elemental cross sections for
48 Ca fragmentation on 9 Be at 140 MeV/nucleon [75] (open symbols) compared to LAQGSM03.03 predictions (solid lines). only at energies below about 5 GeV, such an extension of the coalescence model may be sufficient. Since LAQGSM is used to calculate also reactions induced by heavy ions, and at much higher incident energies, where the mean multiplicities of the secondary nucleons and LF are much higher than for reactions simulated with CEM, we extend the coalescence model in LAQGSM to even heavier LF, up to 12 C. Table II shows the LF we produce via the extended coalescence model in LAQGSM, and the real channels (modes) we consider to form each LF. The values of p c used in the extended LAQGSM are also listed; they differ slightly from the ones used by CEM03.03F. Fig. 11 provides an example of preliminary results for the case of fragment-production cross sections as functions of mass number, measured by Jacak et al. at the LBL BEVALAC for 137 MeV/nucleon beams of 40 Ar bombarding 197 Au targets [78] , compared to LAQGSM03.03F results obtained with the extended coalescence model (but still using the old preequilibrium model). There is reasonably good agreement with experimental data for mass numbers up to A = 12, except for A = 9.
Figs. 12 and 13 show two more examples of results obtained with the extended coalescence model in LAQGSM, namely, invariant cross section for the production of p, d, t, and 3 He at 30, 45, 60, 90, and 130 deg from 800 MeV/nucleon 20 Ne + 20 Ne and 208 Pb, respectively. There is a very good agreement of results by the extended LAQGSM03.03F with these experimental data. We obtain similar results for several other similar reactions measured at Berkeley and published in Ref. [79] . The LAQGSM03.03F extension is still a work in progress. We have extended and frozen its coalescence model, but so far have implemented only the extended preequilibrium model, exactly as it was developed for CEM03.03F, with the same parameters. Figs. 14 and 15 show two examples by this preliminary version of LAQGSM03.03F, namely, spectra of 6, 7, 8, 9 Li at 65
• from proton-gold interactions at 1.2 and 1.9 GeV, respectively. This preliminary version of LAQGSM03.03F describes quite well spectra of all Li fragments measured for these reactions by the PISA collaboration and published in Ref. [20] . LAQGSM03.03F produces similar results for other LF, from other target nuclei, and at other incident energies measured by the PISA collaboration. However, as Figs. 14 and 15 indicate, a fine-tuning of several parameters in the extended preequilibrium model (and perhaps the values of p c in the extended coalescence model) would improve the agreement of the results with the measured data and would refine the predictive power of LAQGSM03.03F. We hope to perform such a fine-tuning in the future and to validate LAQGSM03.03F on as many measured reactions as possible, before implementing it into MCNP6 to replace the current version of LAQGSM03.03.
To demonstrate the reliability of even this non- optimized version of LAQGSM03.03F for predicting unmeasured reactions, we compare the code predictions to some recently measured data that were made available only after the code was put into its current form. We show in Fig. 16 the measured forward-scattered fragmentation products from the interaction of 12 C nuclei at 400 MeV per nucleon with a 197 Au target. The measured cross sections are very well predicted, except for the very highest energies, where the nucleons in these fragments have momenta more than 100 MeV/c above the momentum of the original nucleons from the 12 C projectiles. This discrepancy may indicate effects of high-momentum components which are known to exist in real nuclei, and which are missing from the simple semi-classical nucleon momentum distributions assumed in the existing Fermi break-up model.
VII. VALIDATION OF THE EXTENDED MODELS
After extending the preequilibrium and coalescence models in CEM03.03F, we have analyzed a number of nuclear reactions using different values for A F ermi in the Fermi break-up model discussed in Sec. III, and have con- cluded that generally a better agreement with most of the experimental data so far analyzed is obtained with A F ermi = 12, the same value as used in the original 03.03 versions of CEM and LAQGSM. This value is used for the extended "F" versions of these models.
An example of calculations with the final version of CEM03.03F is shown in Fig. 17 , which compares experimental data for the 7 Li spectrum at 15.6
• from 1.2 GeV p + Ni [21] with results from CEM03.03 and CEM03.03F. Similar results from MCNP6 are presented below in Sec. VIII. More extensive results can be found in Ref. [39] . CEM03.03F has much improved results compared to the original CEM03.03, especially for heavy-cluster spectra.
Before implementing the extended "F" versions of the models into the MCNP6 transport code, we have tested that the new models do not "destroy" the good predictive power and agreement with available experimental data provided by the original CEM03.03 and LAQGSM03.03 event generators, considering reactions previously well modeled and not used directly in the current developments of the preequilibrium and coalescence models. This is to verify that the extended "F" models have similar good predictive powers established for the original event generators. We show only a few examples from this extensive effort. 6, 7, 8, 9 Li spectra at 65
• produced from 1.9 GeV protons incident on 197 Au [20] (open circles), compared to results calculated by the preliminary LAQGSM03.03F (histograms). The dotted and dashed histograms show the contributions from the preequilibrium emission and the extended coalescence model, respectively.
[81]. We have obtained similar results for other neutroninduced reactions, at other incident energies, for other ejectiles and target nuclei. These results illustrate that the improved production of heavy clusters in CEM03.03F has not destroyed the spectra of particles and LF of mass 4 and below from neutron-induced reactions, not considered during this development of the "F" code versions.
Figs. 19 and 20 compare examples of experimental data for γ-and π-induced reactions to results from CEM03.03 and CEM03.03F. Fig. 19 shows the results for 300 MeV γ + nat Cu → p at 45
• , 90
• , and 135
• compared to experimental data by Schumacher et al. [82] . Fig. 20 shows the model results for 1500 MeV π + + nat Fe → n at 30
• , and 150
• , compared to experimental data from Nakamoto et al. [83] . The last two figures provide examples of the consistency between CEM03.03F and CEM03.03 for ejectile spectra from γ-and π-induced reactions. Fig. 21 shows the measured [84] mass and charge distributions of the product yields from the reaction 800 MeV p + 197 Au, of the mean kinetic energy of these products, and the mass distributions of the cross sections for the production of thirteen elements with atomic number Z from 20 to 80, compared to predicted results from the original CEM03.03 and from CEM03.03F. The results are essentially identical for the two code versions • from the fragmentation of 12 C projectiles striking a 197 Au target at 400 MeV/nucleon [80] (symbols), compared with results by the previously fixed preliminary LAQGSM03.03F code (solid lines). The portion of the cross section due to coalescence is indicated by dashed lines.
for these observables. Fig. 22 shows the measured [85, 86] fission cross sections for n + Bi as a function of neutron energy, compared to results from CEM03.03 and CEM03.03F. CEM03.03F agrees reasonably well with these new data on n + Bi fission cross sections, even showing an improvement around energies of 100 MeV, while seeming to slightly underpredict the experiments above about 300 MeV. But because CEM03.03F considers emission of LF at the preequilibrium stage, there is some relative depletion from the compound nucleus cross section, and the mean values of A, Z, and E of the fissioning nuclei differ slightly from the corresponding values in CEM03.03. All details of the extended GEM2 code used in CEM and LAQGSM to calculate σ f can be found in Refs. [2, 4, 29] . In the case of subactinide nuclei, the main parameter that determines fission cross sections calculated by GEM2 is the level-density parameter in the fission channel, a f (or more exactly, the ratio a f /a n , where a n is the leveldensity parameter for neutron evaporation). Ideally, the empirical a f /a n parameter in CEM03.03F should be refit to reflect the changed average properties of the fissioning compound nuclei following the preequilibrium decay. This effort lies outside the scope of this report, which is focused on energetic LF emission.
As CEM03.03 is the default event generator within MCNP6 for energies above 150 MeV, its ability to run simulations quickly is important. We tested the impact of the current improvements on the computation time with each incremental upgrade, and found either no significant increase or only a small increase in the computation time. We tested also the cumulative effect of all of the improvements on the computation time. Adding all of the upgrades increases the computation time by approximately one-third, depending upon the incident energy and target nucleus. Considering the comprehensive nature of the upgrades, and the dramatic improvements made to the description of heavy cluster production, this seems to be a relatively tolerable increase.
VIII. IMPLEMENTATION INTO MCNP6
As mentioned in the Introduction, MCNP6 is a general-purpose Monte-Carlo radiation-transport code used by several thousands of individuals or groups to sim- ulate various nuclear applications. But MCNP6 can be and is actually used also in academic studies, e.g., to simulate experimental facitities or only some of their parts, like target stations, or to estimate some unmeasured cross sections. The easiest way to calculate with MCNP6 the absolute values of spectra of ejectiles and/or yields of reaction products is by using its so-called GENXS option (e.g. [1, 87] Previously, double differential cross sections of ejectiles could be calculated by MCNP6 using the GENXS option only for elementary particles and very light fragments up to 4 He. Thus, a necessary first step in implementing the improved CEM03.03F into MCNP6 involves extending the ability to output spectra of heavy clusters.
We have extended the GENXS option [88] . This GENXS upgrade includes the ability to calculate (or, to "tally," on the language used by MCNP6) and output double differential cross sections for any fragment or heavy ion. This upgade also includes the ability to tally and output angle-integrated cross sections as a function of emitted fragment energy and energy-integrated cross sections as a function of emitted angle, for any products. More details on using this GENXS extension can be found in Refs. [39, 88] .
After completing and testing the improved CEM03.03F, and after extending the GENXS option of MCNP6, we inserted CEM03.03F to replace the older CEM03.03 event generator into a working test version of MCNP6, called MCNP6-F. Two of the current improvements are always implemented in MCNP6-F: the upgraded NASA-Kalbach inverse cross sections in the preequilibruim stage, and the new energy-dependent γ j numerical model. The other two improvements (extension of preequilibrium emission to 28 Mg, and the extension of the coalescence model to 7 Be), both of which increase slightly the computation time, may be turned off if desired. We introduced into MCNP6-F a new input variable to specify the number of types of the preequilibrium and coalescence fragments to be considered. The default of MCNP6-F is to consider the full upgrade of CEM03.03F as described above, i.e., up to 66 types of preequilibrium particle and LF and up to A = 7 in the coalescence model. But if a user wishes to save about 1/3 of the computing time, this input parameter may be given a value of 6, to consider emisssion of only n, p, d, t, 3 He, and 4 He, as done in the original CEM03.03. As mentioned in the previous section, LAQGSM03.03F is still under development, and is not yet implemented into MCNP6-F; this will be done in the future, after the completion and validation of LAQGSM03.03F.
We have tested MCNP6-F on a large number of various reactions. A very few examples from this validation work are presented below. Fig. 23 illustrates the results for 1200 MeV p + 197 Au → 6 Li at 20
• , with experimental data by Budzanowski et al. [20] . This figure provides additional evidence that MCNP6-F demonstrates increased production of heavy clusters in the mid-and high-energy regions compared to the original MCNP6. This reaction also highlights the need to improve the evaporation model used by CEM: The peak of the spectrum is too high; such peaks are largely produced by evaporation. We expect that this situation might be improved by implementing the improved inverse cross sections already incorporated into the preequilibrium model into the evaporation model, and hope to do such work in the future. We note there is a recent work on improving the Liège INC to its INCL4.6 version by A. Boudard et al. [10] , which obtained similar results for heavy-cluster spectra from this reaction using INCL4.6 + ABLA07. Fig. 24 demonstrates the results for 2500 MeV p + nat Ni → t, 7 Li at 100
• , compared to experimental data measured by Budzanowski et al. [21] . The triton spectra again illustrate that MCNP6-F achieves increased production of heavy clusters without "destroying" the established spectra of nucleons and LF with A < 5.
Many more similar results on the validation of the extended MCNP6-F for other reactions can be found in Refs. [39, 40] .
IX. CONCLUSIONS
We have presented the results of our work to improve the description of energetic light-fragment production by the CEM and LAQGSM models, and by the Los Alamos MCNP6 transport code from various nuclear reactions at energies up to ∼ 1 TeV/nucleon.
In these models, energetic LF can be produced via Fermi break-up, preequilibrium emission, and coalescence mechanisms. We extend the modified exciton model used by CEM03.03 to describe emission of preequilibrium particles to account for a posssiblity of multiple emission of up to 66 types of particles and LF (up to 28 Mg) at the preequilibrium stage of reactions. For this extension, we had to develop an approximation, or a "numerical model," to calculate the probability γ j of several excited nucleons to condense into a fragment of the type "j" inside the nucleus, that can be emitted at the preequilibrium stage of of a reaction. 197 Au, of the mean kinetic energies of these products, and the mass distributions of the cross sections for the production of thirteen elements with atomic numbers Z ranging from 20 to 80 [84] (circles), to predicted results from the original CEM03.03 (solid lines) and from CEM03.03F (dashed lines).
We have also improved the calculation of inverse cross sections at the preequilibrium stage of reactions, with a new hybrid NASA-Kalbach approach, instead of using the old Dostrovsky model which was used previously. This extended version of the MEM is implemented into the upgraded CEM, labeled CEM03.03F, as well as into a new LAQGSM03.03F.
Then, we extend the coalescence models in these codes to account for coalescence of LF from nucleons emited at the intranuclear cascade stage of reactions and from lighter clusters, up to fragments with mass numbers A ≤ 7, in the case of CEM, and A ≤ 12, in the case of LAQGSM. Finally, we study several variations of the Fermi break-up model and choose the option with the best overall performance to use in the production versions of the models.
We have tested the improved versions of CEM and LAQGSM on a variety on nuclear reactions induced by nucleons, pions, photons, and heavy ions. On the whole, the improved models describe much better than the orig- inal "03.03" versions production of energetic fragments heavier than 4 He, without "destroying" the good agreement provided by the standard versions for the emission of nucleons, light complex partiles, and residual nuclei.
Next, we have extended MCNP6 to allow calculation of and outputting of spectra of fragments and heavier products with arbitrary mass and charge numbers.
Last, we implement the improved CEM03.03F into MCNP6, producing an upgraded version called MCNP6-F. LAQGSM03.03F is not completed and will be incorporated into MCNP6-F at a later time. We have validated MCNP6-F on a variaty of measured nuclear reactions.
We conclude that the improved CEM, LAQGSM, and MCNP6 allow us to describe energetic LF from particleand nucleus-induced reactions and provide a good agreement with available experimental data. They have a good predictive power for various reactions at energies up to ∼ 1 TeV/nucleon and can be used as reliable tools in applications involving such types of nuclear reactions as well as in scientific studies.
For future work, we hope to complete the development of LAQGSM03.03F and to implement it into MCNP6. We also hope to develop a better deexcitation (evaporation/fission + multi-fragmentation) model for both the CEM and LAQGSM event generators.
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